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ZPSTRACT

Studies were zade of the effects uron
alveolar gases snd electrvencephalograas of
rapid decczprassion froa 8,000 feet at 1.6 ard
12 sec vith oxygen delivery 5 =in before,
iznediately at, and 8 sac after the beginping
of the deco=zpression. The findings showed
that hypoxia induced by delayed oxygen deiivery
was less on the slower dscoxpression,although
it was always severe, even whan oxygen was
delivered at the begirning of the decospression.
A linear relationship was dezonstrated between
the intensity of the hypoxia, deduced froz the
changes of alveolar POy and the increased
activity (varisnce irdex) of the 8 - 16 Hz band
of the frontal eeg.

Hypoxia; rapid decompression;

alveolar gas tensious; slectroencephalogranm.
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DZRODLCTION

The occupants of =odern high altitude aircraft are normally
protected agaipst the lov pressure envirozzent in which these aircraft
.y by pressurisation of the cabin. Experience has shown, howvever,
that either tha structure of the pressure cabin or the pressure control
systez cay fail during flizht and thus ths corsequences of exposure to
low envirorcenta) pressure =ust be considered. In certain operationsl
and 211 codern transport afrcraft the cagnitude of ths preasurization
is such that the cabin altitude does pot exceed 8,000 £t wher the
aircraft is flying at its ceiling and in these circumstances it is
. usual for the occupants to breathe air throughout flight.

Several previous studies (Ermsting, Gedye and KcEardy, 1360;
Bryan and Leach, 1960) have deconstrated that if the altitude
imsodiately after & sudden decospression exceeds 35,000 ft a signifi-
cant 1mpairsent of perforzance will ensue, even if 100% oxygen is
breathad ir—ediately the deco=pression cozzences. In order to prevent
this icpaircent of perforcance, the conceatration of oxygen in the gas
treathed before decozpression cust be raised by an exouant whach
depeads upon the pressure in the intact cabin (Ernsting, HcHardy and
Poxburgh, 13960; Ernsting 1963a). In the previous studies conducted
ia this laboratory the time of decompression employed was 1.5 to 2.0
gec. Although tais duration of decompressior can occur in certain
operatioral aircraft, the shortest tize of decozpressicn which is

sikely in modern transport aircraft is of the order of 12 to 15 sec.

The present study was vndertaken to determing the effect of
incressing the dur:tion of decozpression over the range 8,000 ft te
LD,000 ft from 2 gec to 12 sec upon the intensity of the comsequent
hycoxia. Oxygen was delivercd to lhe svt ect's mask either immediately
the decompression comzenced or rollowirg a delay of 8 cec from the
beginning of the decospression. Conirol expuriments in which the
subject breathed oxygen tefore, during and aftor the decozpression
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vers also perforsed. The intensity of ths hypoxia was determined by
recording continuously the tensions of oxygen and carbon dioxide in
the respired gas together with the electroencephalograa (eeg).

METHODS

———

Subfects

Three bezlthy zale subjects, whose ages ranged from 20 to 33
years, were used.

Pecozpression Cha=ber

The subject was seated in the one =an cozpartzent of a three
coopartzent decozpression chazber. Ee was secured in the seat by
zeans of an adjustzble harress. The cozpartzeat could be rapidly
evacuzted through ar orifice into a large reservoir oy opening 2
poeucat. cally controlled valve. The pressure in the reservoir vas
redaced before each decozpression to a vslue which aliowed equili~
bration of the pressures in thase two cozpartuents of the cha=zber at
the desirod final value (141 cz Eg absolute). Orifices were used
which provided durations of deccmpression (time for cocplotion of 90%
of the total pressure change) frozm a simulated altituds of 8,000 ft
to one of 40,000 ft of 1.6 and 12.0 sec. A medical officer was held
at an altitude of 8,000 ft in the lock to the subject's cocpartment.

Brea“hing Equipment

The subject wore sn cronasal mask fitted with inlet and coxz-
pensated outlet valves. A length of flexible hose 5 cm in diazeter
with a capacity of 2 litre was attached to the inlet port of the =mask.
When required, oxygen was passed into this hose at a point 2 ca
upstream of the inlet port of the mask froz a reducing valve placed
outside the decompression chamber. The mass flow of nxygen, which
was controlled by a metering orifice and a shut~off valve, was sot
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Page 3
at 15 litre/min {at 760 mm Hg sand 15°C). Preliminary experiment

showed that this systes deliversd a voluze flow of 80 L/min at an
absolute pressure of 141 ma Hg.

Respiratory Measurements

The absolute pressure in the decocpression charber was recorded
by means of a strain gauge transducer.

The expiratory voluze was recorded by ccnnecting the outlet port
of the zask to a heated capillary flowmeter. The pressure difference
created by flow through the flowreter vas measuyed with a strain
gauge transducer. The azplified output of this transducer vas inte-
grated with respect to time and the integrated output recorded
continuously. The output of the integrator was brought to O every
30 sec. The record of expiratory volune was calibrated before and
after each experiment by passircg kmown volumes of air through the
flowzeter frox a spirozeter at ground level. Preliminary experiments
nad demonstrated that the output of the integrator for the passage of
a givan voluzme of zas through the flowzeter measured at the pressure
of the environment was indepsadent of the absolute pressure over the
pressure range of 750 4o 140 co Hg.

The partial pressures of oxygen and carbon dioxide (P02 and PCOp
racpectively) Jn the gns flowing through the oronasal rask were
recorded continuously by means of a respiratory mass spectrometer
(Fovier and Hugh Jomes, 1957). The instrument was mounted close to
the extercal surface of the decompression chamber and the heated
sampling lino pessed through tho chamber wall. The tip of the
sampling probe wae placad in the cavity of the subject's oronasal zask.

Tha outputs of the instrument were calibrated by expoeing the tip
of the probe tc gas mixtures containing known Pops and Pcoas,both at a
simulated altitude of 8,000 ft before each rapid decompression and
immediately following the completion of each experiment at a siumulated
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altitude of 50,000 ft. The relationskhips between the Pp, and Fgop in
the dry gas entering the maszs spectrometar and the deflections of the
erzTasponding pen motor were found to be lirear and, in the steady
state, unaffected by reduction of environmental pressure. Cn rapid
decoxpression fros 8,000 ft to 40,000 ft in 1.6 sec,wvith the instru=ent
saxpling gas of = constant cozposition, the time taken for 90¥ of the

response to the consaquernt fall of the partial pressure of a constituent
vas 3.2 cec.

Electroencephalogras

Three channels of eeg activity were recorded froz four electrodes
arranged ant ero-posteriorly over the subject’s dozinant cerebral
hemisphere (electrode pocitions 5, 10, 15 and 18 or 3, &, 13 and 17 in
the 10/20 systea). The clectrodes consisted of fire hypodermic steel
neodles (26 swg) to each of which a fipe wire had been soldered. An
earth eloctrede was attached to ome lower lichb. The potential changes
at the electrodes were azplified and recorded on & direct ink writer.
The cutputs were calibrated at the beginning and end of esch experizent
by applying a potential of 50 microvolis to the input of each arplifier
channel, Ip order to caintain a coastant level of alertness the
uubject perforzed a sequential zotor task {(Gedye, "96U4) which involved
tie repatition of & previcusly learned esquenco of 8 digital operations
avery S sec. The subject was able to aonitor his cwn pesrforzance by
a visuel display.

iecerding

The ontpuie of the various azplifiers worc fod onid appropriute
direct writing and brotide paper galvei.ueter recordere. In cddition
the 21actrical outputs representing p:ogewre in the decompression
chanber, integroted expiratory flow. Fo, Feop ané the throe channel-
ot eeg activity vere fod onto nagnetic tape. The mognetic recordisg

tope was indexed before the exyjerizental record was zade (Goddard and
Penrell, 1964}. This tape index was presented visually to the
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expericenters to allow subsequent identification of spscific events.
In ovder to snsure that the electrical outputs were being recorded
satisfactorily on the cagnetic tape the output from the play-back
bead of the tape recorder was connected through appropriate amplifiers
to a 12-channel direct ink writer. The experimenters monitored this
play-back record by zen.s of a closed circuit television systex.

Conduct of the Expericent

Fach subject was expossd twice to each of six conditions. The
six conditions were the two rates of rapid decozpression (fast and
slow}, each of which was repeated thrice with varying times of oxygen
delivery. Thue oxygen was delivered to the subject either 5 min
before the rapid decozpression (oxygen threcughout), immediately the
decompression occurred (oxygen early), or 8 sec after the
cozuencezent of the decozpreesion (oxygen lats).

The series cf cxpocures of each subject were arranged in four
gescions each consisting of three decompressions with a constant rate
cf decomprescion in & given session. The rates of decozpression
(slow and fast) wers alternsted for each consecutive session. In a
Zivin session of exposures oxygen was deliverod at each of the
beelifisd tizes cnce. The order of oxygen delivery times was

randonised using e balanced design.

Before each exposure to reduced pressure the acceptability o.

che quality of the rucording of the outputs of the flow integrator,
the respiratory msse spectrozeter and the eeg were checked at ground
level. The eubject wnz then decompressed in 30-50 szec to r simulated
sltitude cf 8,70 ft. 4 period of 5 mis was spent at this altitudo
with ike cubject breathing 2ither sir ox oxygen. IDarirg the initisad
part of thir period th» subject wes prereated with u new pattern to
learu on tne motor task. This he repeated until he considered that he
w26 proficient at the task. At the end of this period the varioue
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recorders, including the magnetic tape recorder, wers set in motion
end the acceptability of the recordings checked. The subject was
instiructed to close his eyes for a period of about 10 sec and the eeg
record was inspected for the appearance of alpha activity. When the
subject opened his eyes the zmotor task was started and he cosplated a
series of at least 12 cozplete operations, each of which lasted 5 sec.

At the completion of the €0 sec control period at the motor task,
the subject was decompressed to a sixulated altitude of 40,000 ft. Ee
vas varned of the instant at vhich the decompression would cosmence by
a 5 point count-down. The subject was instructed to breathe out dur-
irg the latter part of the count-down 20 that vhen the decompression
occurred his glottis was open and the volume of gas within the
respiratory tract vae relatively saall. The motor task was restarted
autozatically at the beginning of the decomrrasaion, If the subject
had been breathing eir bsfore the decompression the oxygen supply to
his nask was turned on at the appropriate tize. The subject continued
perforeing the task for 90 sec after the rapia dsecompression. The
recordings were completed by instructing the subject to shut his eyes
for approxisately 10 sec and calibrating the outputs of the respira-
tory nass spectruceter. The decowpression chamber was then recospressed
to grcund level at a rate of between 15,000 and 20,000 ft/min and the
syzptoms, if any, experienced by the subject, recorded. The aubject
breathed air dvring the latter part of the descent to ground level.

In each session of 3 decozpressions a period of at least 15 min
separatel the end of one cxposurs to reduced pressure fros the
beginning of the next. Each sezsion of three decompressions was
sezurated from the preceding session by at least 18 hours.

e cenap AT ATAR
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RESULTS

Sysptoms 3
]

The three subjects successfully completed the series of rapid .:
decompressions covprising the iavestigation. The symptoms, reported 3
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by the sudjscts consisted of varying degreses of disturbance cf

. consciousnsssand the occasional occurrence of abdominal discomfort or
pain. The central nervous syaptoss ususlly appeared approximately 45
sec after the beginning of tis rapid decospression and disappesred
before the end of the fi-st ainute at 40,000 ft. The commonest
syeptos was mild confusisa wvhich was wariously deacribed ap light-
headedzess or dizzirzss. On occasions there vas partial loss of
vision,usually in the periphsry of the visual fields. The inten-
sitias o2 %he confusion and visual disturbances wers sssessed as
either midd (+) or severe (++). The intensity and nature of the
sysptozs varied with the experimental condition. The incidence of
syuptoxs is surmarised in Table 1.

TABLE 1

Incidence and Nature of Central Nervous Syxptons
Occurring after Rapid Decompression

No of
Xo of decompressions
Condition decoxprassions with specific symptons
with symptonms rzent
Confusion M——-of vision
. .4 . 4
Fast decompression
Oxygen throughout 0 - - - -
Oxygen early 5 5 - 3 -
Oxygen late 6 1 5 2 2
Slow decompression
Oxygen throughout (4] - - - -
Oxygen early 5 5 - 2 -
Oxygen late 5 2 3 2 -

(There was a total of 6 decompressions to each experimental condition)
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Abdozinal symptoms occurred in 9 out of the 36 experiments. Thsse
sysptcas arose during or immediately after the rapid decompresaion to
40,000 ft and usually rezained throughout the duration of the exposure
to this altitude. They were relieved by recozpression. The intensity
of the syzptoas varied from ope subject to another and with the rate
of decompression, There was no correlation between occurrence of
abdominal symptors and the time at wvhich the firat breath of oxygen
wus delivgred. Ko case of severe incapacitating abdcainal pain
occurrsd in this study and the intensity of this syaptoz vas classi-
fied as either mild or moderate (Table 2).

TABLE 2

Incidence of Abdozinal Symptoms aftar Rapid Decoxpression

No of decozpressions with abdoxminal symptozs

Subject Fast decompression Slow dscozpression
¥ild Kederate Mild Koderate
DD (o] [o] (o} 2
Fp 2 0 4
DIF o] 0 (o} 0

Alveolar Ventilatiozn

After the individual values of the tidal volume had been corrected
to the pressure and temperature conditions cxiating within the
respiratory tract (btps), the values of the pulmonary ventilation were
calculated for various periods in each experiment. The numbder of
breaths in each period was also determined. The corresponding alveolar
ventilation vas calculated using an assuned value for the total
respiratory dead space. It was assuzed that the zubject's rv.piratory
dead space expressed in ml was equal to his weight expressed in 1b
{Donevan, Palmer, Varvis and Bates, 1959) and that the effective dead
space of the oronasal mask was 80 ml. Alveolar ventilstion was
calculated in this manner for the 60 sec period during which the
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subject performed the wotor task at 8,000 t, for the 30 esc period

. immediately bofore the beginning of the rapié¢ decomprersion, Jor the
period 16 - 45 sec aftsr the beginning of dacospressiun and for the
period 61 ~ 90 sec after the beginming of the decospression. The sean
values of ths alveolsr ventilation for the exposures of the sudjacts
to each of the six experimental conditions are presentsd in Tadle 3.
In 2]l the conditions the slveolar ventilation was greater during the
period immediately before the rapid decompression than during the
period in vhich the control task was carried out. The alveolar
ventilation increased immediately after the rapid decoapression. This
increase was consideradbly greater whsx oxysen was not breathed until
after the beginning of the rapid decoxpressicn than when oxygen was
breathed for 5 min before the lecompression. The values of alveolar
ventilation cbtained at 40,000 ft during the thiri half-mfnute period
wvere similar in al). the experimental conditions and were the lowest
recorded throughout the exposures.

TABLE
Alveolar Ventilation bsfore and after Rapid Decomprasuion %
3
Alveolar ventilation 1(btps)/min
Before rapid After rapid
Conds tion decompression decompression
Control  -J0 to 16 to 61 to
task 0 sec® 45 sec*® 90 sec’ 3
Fast' decoapression g
Oxygen throughout 9.0 10.9 10,4 7.0 g
Oxygen early 7.5 9.6 12.7 8.8
Oxygen late 7.1 7.8 11,6 6.0 %
Slow decompression g
Oxygen throughout 7.1 9.0 10.2 6.0 3
Oxygen early 6.4 8.3 12.2 5.6 e
Oxygen late 6.3 8.3 12.7 5.6 X
£
¢ Time measured from commencement of rapid decompression 2‘
™
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Respired Gas Tensions

The rapid decozpression produced w rapid fall of both Po, and Feo,.
The Po, recained low with only a emel) difference betwveen the inspired
and expired values until the inspiration following the instant at
vhich the oxygen supply vas turaed on. <he P02 in the expired gas
thea increased rapidly to attain a relatively stesdy valus. The Ptoz
-i80 increased following the rapid decoxpression to a relatively
steady value. ¥With the rapid rate of decompression gas flowed from
the respiratory tract throughout the decoxpression. In the sliov
decozpressions, howsver. inspiration fraquently occurred whilst the
wressure in the chamber was still ralling., Although the oxygen supply
was turned on either irzediately the decoupressiorn bagan or 8§ sec
after, oxygen could not enter the rsapiratory tract until the following
inspiration occurred. The interval between tae beginning of the
decorpression and the first inspiration of oxygen was measured for
each experiment and the mzean valuies for esch con.ition are presented
in Table 4.

TABLE 4

Tizme of First Inspiration of Oxygen

Mean interval between beginning or
Condition rapid decompression and first

ingpiration of oxygen (sec)

&

Fagt deconprsssion

Oxygen early 5.5 (2.0)
Oxygea late 10.8 (1.1)

(0S8 SRR

24y,

Slow decompression

Oxygen early 6.1 (2.9}
Oxygen late 11.0 (1.3)

Values in parentheses are + standard Geviation
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The coxzposition of the gas in the mask cavity at the end of
expiration was asswied to represent that of the alveolar gas. Owing,
bovever, to the relutively long response tize of the mass spectroneter
to changes in the teasion of water vapour, and tn the texperaturs in
the zask being lower itkan that of the alveolar gas, it wos necessary
to apply a correction fuctor to the measured gas tensions to obtain
the corresponding values in the alveolar gas., The zagnitude of the
corruction vas calculatud froz the observed and tidal Pp, and Pco,
obtained at 40,000 ft in the experiments in which oxygen wss breathed
for 5 min before dscompression. In these experiments the tension of
nitrogen in the expi-ed gas amounted to only 2 - L == Eg and it was
aspuzed that the cifference between the suz of tbe observed Poz and
Pcop and the total absoluts pressure in the mask (14} sz Hg) vas due
to vater vapour. The mean value of this difference was deterzined
for all the breaths during the exposures to 4C,000 ft in which oxygen
kad besn breathod for 5 min before decompresesion. This mean value wus
21.3 =@ Bg. The factor by which the measured Poa and cha vere
sultiplied to give the corresponding values in the alveoiar gas vas
obtained by the calculation

Correction factor =

vhere Pg = environzental pressure

PAELO = water vapour preseure at body tewperature

PMEZO = recorded water vapour tension in expired gas

Tha correction factcr calculated in this manner was 0,972 at 8,000 £i
and 0.855 at 40,000 ft.

The corrected values of the alveolar oxygen and carbon dioxide
tensions (PAO2 and P"COZ respectively) for each breath were plotted
against time for each individual experiment and a smooth curve vas
fitted to each individual set of data by eye. The values of PMa and
PAco, were then read froa the curves at intervals of 5 sec fros 25 sec
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Fig, 1, Effect of rapid decompression from 8,000 fest to 40,000 feet
In 1.0 sec (upper curves) and 12 sec {lower curves) upon alveolar
‘arboa dioxide tension under three conditions of oxygen delivery vig:
(a) cxygen brsathed for 5 min before the rapid decospression and
threaghout the subsequesni period at 40,000 feet (closed circles); (b)
air breatbed before the dscompression and oxygen deliversd imzediately
the rapid decompression tsgan (crosses); (c) air breathed before the
deconpression and oxygen delivered 8 sec after the beginning of the
rapid decompression (oren circles). The rapid decompression comaenced
at c¢.3s O and each poin® raipresents the aean of 6 experiments.
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PA 80 —— 0, throughout
02 I- ‘ ——e 0 enrly
[omm= ,19) 60 m o—0 01 lote
40 |-
20
1} ] 1 L 1 N} 4
0 100 20 30 40 5, 60
Tune (sec
80 (sec)

tpxl2sec

o

-t 1

3. J
-3 0 0 20 30 46 5C €0
3 Time {sec)

vy Adw 2t

2 Pz .. Effect of rapid decoupression frcz 8,000 feet te &C,.  feet

2 2n 1.6 sec (upper curve) and 12 sec (Jower curves) tpor alveol:: oxygen
F. tension undcr three conditions of oxygen delivery viz: (a) ox~en
breathed for 5 win befors the rapid decompression and throughuut the
subsequent pericd &t 40,000 feet (cloced circles); (b) air breatred
vefore the deconpression and oxygen delivered immasdiately the rapid
decompression began (crosses); (c) air treathed before the decospressioa
and oxygen delivered & sec after the beginning of tke rapid decom-

¥ pression (open circles). Tho rapid decompressicn commenced at tize O

. and each point represents the mean o 6 experinents.
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before to 90 sec after the beginn‘ng of the rapid decorvression. The
data obtained in this =anzer vere tken grouped togetker according to
' the expericental conditions and aralyscs of variance perforuaed. The
zeans of the esix valuea obtained for each instant in tize in ¢ given
experiasntal copndition ware also calculated. +The curves representing

these zean vsluer are presented in Figs 1 and 2.

a. Alveolar Carbon Dioxide Tersion
Ths PAco, fell progressively with time during the period at

8,000 ft before the rapid decozpression, reaching a mean valus of
32.% cu Hg at the beginnirg of the decozpression. Thers was no
significant difference betveen the mean values cf PACOz obtained
for air and oxygen breathing at 8,000 ft. The zinisua value of
the Pico, (Table 5) occurred on the first breath after the
decozpression in tke short duration decozpressions but it wvas

delayed by about 10 sec in the slow decompressions.

Although the PACOZ oanzhed & lover pinizum value in the
fast decompressions it rezained lcwver for a lopger time in the
slow series than in the fast series (Fig 1). Beyond 40 sec
after the decozpression thers was no significant difference

N between the valuss of PACOZ in the various experimental
situations, With both rates of decompression the time of
delivery of oxygen affected the pattern of p‘COZ change (Fig 1),
The lowest values of PACOZ occurred when oxygen was delivered
after decompression and the highest when oxygen was breathad
throughout the experiment (up to 20 sec after decoapression the
differences vere significant at P = 0.01).

be Alveolar Oxygen Tension

The PAoz was not recorded before the rapid decompression
when oxygen was breathed throughout the experiment. On
decompreasion the PAOZ fell gradually to attain a new steady
value some 25-30 sec after the beginning of ths decompression
(Fig 2). This valae did not differ significantly froa tke mean
for all experiments over the last 30 sec at 40,000 ft (58.5 mm Eg).
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¥hen air vas breathed at 8,000 £t the Py, increased
progressively with tize to reach a mean value of £6.7 ws Fg
ic=ediately before the decozpression. On decczprezsion the PAOZ
fell rapidly. Ip the fast decozpressions the ziniaous sz vas
reached imzediately after the decozpression (Fig 2). The
recovery of PAOZ was slower when oxygen delivery was delayed
than vhen it occurred at the instant of decompresxion (the mean
p"OZ differences were significant up to 20 sec afte> decos-
pression, P = 0.05). VWhen oxygen vas delivered during the slow
decoxzpressions the PAOZ fell to a zinizuz value at the ead of
the decompression. The values of PAoz when oxygea delivery wvas
delayed vere significantly lower than those produced by the
iczediate delivery of oxygen for up to 15 sec after decozpression

(P = 0.001).

TABLE 5 ‘5
A
\ The Minimum Alveolar Carbon Dioxide and Oxygen 3
Tensions following Rapid Decompression E
Condition Mear minimuz Ppco, Mean minimum PAg, :
(sa Hg) (m Hg) §
Fast decompression %
Oxygen throughout 23.3 57.% E
Oxygen early 19.7 15.8 3

Oxygen late 19.3 1%4.0

Slow decbguuion

A

Oxygen throughout 22.7 58.3 g
Oxygen early . 21.3 275 E:
Oxygen late 21.0 18.7 p

b
Electroencephalogran

AaFA SN

The eeg recorded on magnetic tape was subssquently analysed using
an analogue computer. The e¢lectrical signal recorded from a pair of
electrodes was analysed by passing it through each of a series of
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filter sectiors (with terminal slopes of 30 db/octavs) wkich gave
fregaency bands of 1-2, 2-h, h-§, 8-16 and 16-32 Es. Tha outputs froa
the filter sectiors vere sgmarsd to render thes wnidirectioasl and
then continuouely integrated. The integrated output for sach of the
freguency bauds vas recorded eilnltanocusly sgainst time. These
computations gave the signal variance, the slope of each integrated
output being proportioral to tha eeg activity in that band. Changes
in the slopo of a varience curve indicated a change of esg activity in
that frequency band and channel.

A typical record of the analysis of the anterior channsl of the
eeg from an experiment in which the decompressicn wvas fast and oxygen
vas deliversd at the beginning of the decompression is presented in
Fig 3. The pressure in the decozpresaion chamber and the Poz in the
mask cavity are also shown, Thers vas a merked increszse in the slope
of the variance signal for the 8-16 Hz band vhen the subject sbut his
eyes at the bezinning and at the end of the sxperizent. During the
period in which the task was performed at 8,000 ft, the slopes of the
integrals vere relatively constant. The slopes resained unchanged
during and isxzediately after the rapid decoxpression. Soze 15 sec
after the bagianning of the decorpression, however, the slope of the
variance signal in the 8-16 Hz band suddenly becsze steeper. After a
further 10 sec the slope decreased progressivaly until the original
slope vas attained.

The change of the activity in a given frequency band was
expruesed as a variasce index (Byford, 1965). This index was calcu-
lated by dividing the value of the increased slope which occurred
after the decocpression by the slope obtained in the szme frequency
band during the control period at 3,000 ft before the decocpreesion
occurred. In the cajority of the experiments in vhich an increase
of ceg activity was seen afte: decompression, the increase occurred in
tto 8-16 Hr band alone. The ean values obtained for the variance
index in the 8-16 Hz band for each of the conditions studied are
presented in Table 6. When oxygen was breathed throughout an 3
experiment there was virtually po change of activity in the 8-16 Ee 1
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f decompression
S eyes closed eyes closed
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Fig 3. Effect of rapid decorpression from 8,000 feet tc 40,000 feet
in 1.6 sec with oxygen delivered at the beginning of the rapid decom-
preesion upen the anterior channel of the eeg. Traces reacing from
atove downwards cre‘(a) pressure in the deccepreesion chazber (PB);
(%) output of es: cximeter Spop (not analysed in this paper); (c)
integrated expired ges flow (VE); (d) POz in maek cavity; {e) kot

in misk cevity, ‘f’ to () variance cf ecg signal for the frequency
tands 16 - 22 (), & - 16 Pz (g), 4 - 8 #z (h), 2 - 4 Bz (1) and

7 - 2 Ha (§); (k) tope index. Note the rapid incresse in signal
varisnce in the 8 - 16 Hz band when the eyes were closed at the
beginning and the end cf the experizment. The variance in this band
ulgo increased in the period 15 to 25 sec after the rapid decompression.
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band during or after decozpression. When air was bresthed at 8,000 ft
before decccpression there was frequently arn increase i2 activity in
all three channels after the decoxpression. The increase was usually
least in the posterior channel. At either rate of decozpression the
variance index was or average lower when the oxygen was delivered at
the instant of dsco=pression than vhen it was deliverod after a delay
of 8 sec.

TABLE 6

eeg activity after decocpressioa
¥::nF::;:::c;o§‘::réggggn§ndex (eeg activity in contrcl period )

Mean variance index for 8-16 He
Londition Anterior Middle Fosterior
Channel Channel Channel

Rapid decoxpression

Cxygen throughout 1.0 1.0 1.2
Oxygen early 2.2 2.6 2.1
Oxygsn late k.5 5.2 2.9
Slow decoapression

Oxygen throughout 1.0 1.1 1.0
Oxygen early 1.4 2.1 1.9
Oxygen late 2.6 2.2 2.0

The delay betwsen the beginning of the decozpression and the
first appearance of an increase in the signal variance in the 8-16 Hz
band wae measured for each exposure. This interval vas found to be
unaffected by the rate of decoapression or the time at which oxygen vas
delivered, The m2an interval between the beginning of the dicos-

pression and the beginning of the increase of eeg activity was 15.2 sec
(vith & SD of +0.8 sec).

When oxygen delivery was delayed for 8 sec after a fast decom-
pression there was also an ircrease of eeg activity in the lower

frequency bands. The analysis of a typical experiment is presented in
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Fig 4. Soze 15 sec following the deccxpression there was a suddsn

increasc of activity in the 1-2, 2.4 and 4-8 Bz bzads as well as in
the 8-16 Hz band. The large increase in activity io ths 1-2 and 2-4
Bz bands ceased alzost as rapidly as it had begun soze 15 sec leter.

DISCUSSION

Alveolar Ventilation and Respired Gas Tensions

The alveolar ventilation recorded during the control period before
rapid decozpressicn at 8,000 ft (Table 3) was raised,as compared with
the value porzally obtained in reating seated subjects (5.0 - 6.0
1(btps)/zin). This alveolar hyperventilation was reflected in the lowv

resting values obtained for the PACOZ during this period (Fig 1). These

charges, which were accentuated during the 30 sec immediately prec:ding
the decompression, were independent of the gas breathed during this
pericd. They were due to the subject's awareness that decompression
«ag izninent. This hyperventilation increased the PAOZ slightly above
tkat normally found in resting subjects exposed to breathing air at
8,000 ft,s0 that the severity of the hypoxia induced by the subsequent
rapid decompression may have been slightly less than would have been
the case in the absence of the hyperventilation.

Although, when air was breathed until the decompression to 40,000
ft, the hose attached to the inlet port of the mask was filled with
oxygen gt a fixed time in relation to the beginning of decomprassion,
the actual time at which oxygen first entered the respiratory tract
varied from one experiment to another. Oxygen did pot enter the
respiratory tract until the inspiration following the point at which
the oxygen supply was turned on. In none of the fast decompressions
did the subject inspire until the decompression was complste, but
with the elow rate of decompression most eubjects had taken at least
one inspiration before the fall in environmental pressure had ceased
(Table 4), Tt is difficult to assess how the instructions given to
each subject to breaths out immediately before and during the
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Fig L. Effect of repr? decocpression from 8,00¢ feei ‘o 40,000 feot A
1in .6 se. with oxygen lelivery delayed to 8 sec after the beginnirg >
of the decompression upon the aunterior chacnel of the eeg. The order ;
of presentation of the tracees in thie figure is the same as for Fig 3. g
Note the rapid increase in the signal variauce in the 1 - 2 Hr and v
2 - 4 Az bands of the eeg in the period 15 - 30 eec after the rapid P
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decoapressior influsnuced his breathing patiern during and after the
decoxpression. It is unlikely that the imstructions had any
influence in the fast series o decozpressions,but they zay have
contributed to the delay betwsen the beginning of dicompression and
the first inspiration in the slov series. In the breathirg aquipzent
used in this study the dead space between the point of entry of the
oxygen supply and the nose and mouth was szall, amounting to only

100 ml. Thus the composition of the gas entering the respiratory
tract on the first inspiration after oxygen had been turned on
approached 100%¥ oxygen, and all suhsequent breaths were 100% oxygen.

The decozpression to 40,000 ft produced a zarked reduction of the
PACOZ and Pag, (Fige 1 and 2). The primary cause of the reduction of
thess gas tensions was the fall of the total gas pressure within the
respiratory tract. The pattern of change of PACOa in this situation
is determined by the relationships between the change of total alveolar
gao pressure, the alveolar ventilation and the rate at which carbon
dioxide entera the alveolar gas from the pulmonary capillary dlood
(2nd the lung pareachyma). This rate of excretion of carbon dioxide

depends in turn upon the Pgo, in the aixed venous blood and the
cordiac output.

The rate of fall of PACOZ induced by decompression was related
directly to the rate of fall of environzent:u pressure, although this
did not affect the minimua value reached (iable 5). The influence of
the tize of delivery of oxygen upon the time course and magnitude of
the changes of PACOa induced by a given rate of decompression was due
to the increased degres of alveolar hyperventilation associated with
delay in the delivery of oxygen. When the kypoxic stimulus to
respiration bad been removed by breathing oxygen at 40,000 ft,
alveoler ventilation fell t» the minimuz recorded during the experi-
cent (Table 3), and this change was associated with a rise of the
P"C()a (Fig 1).

When oxygen was breathed at 8,000 ft before decompression the
PAOZ did not fall below 55 =x Hg after the docompression (Table 5).
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The prolongation of the fall o2 PAOa following the ccmpletion of the
decozpression in this experimental condition was due tc the coucozitant
rise of P"coa (Fig 2). There vas a considerable differeucz between
the minizun values of the PAp, induced by the two rates of dacom-
pression when oxygen was delivered at the beginnirg of the
decompression (Table 5). whilst no subject inspired during the
rapid decoapressions, in the slow decoxzpression each subject took at
least one breath of oxygen whilst the environxzental pressure was still
falling, Thus, in the slow decompressions, replacement of nitrogen by
oxygen bad begun before the minimum environzental pressure had been
reached. The difference between the mean values of ths minimun pAOz
produced by the two rates of decocpression was less zarked when the
delivery of oxygen was delayed until 8 sec after deccapression. In
this situation with the slow rate of decozpresaion most of ths fall of
environzantal pressure was complete before the first breath of oxygen
' wis teken, s0 that the intrapulmonary pressure just before oxygen was
breathed was similar with the two rates of decompression.

The intensity of the hypoxia induced by rapid dscompression to
40,000 £t when air vas breathed at 8,000 ft may be expressed in terus
of the associated changes of PAOZ- Since both the magnitude and the
time course of the reduction of PAOz varied with the experimental
condition, and even within the individual exposures to the sare
condition, the expression for the intensity for the hypoxia must take
acconnt of both the degree ard the duration of the reduction of the
PAG;_»’ A useful measure of the intensity of hypoxia in this context
is the time integral of the difference between the observed P,-\,,a and
a stated value of Pyg, over the period for which the former is less .
than the latter. Considerations which are presented later in this
paper led to the selection of the area on the PAOZ ~ time plot bounded
below by the observed curve and above by a horizontal line representing
a Pag of 30 mm Hg. The value of this area was determined from the
PAoa - time plot for each experiment and the individual results are
presented in Table 7. There was a considerable vwriation in the
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intessity of the bypexia produced by a glven experizmental conditicn.
it is apparext, however, that of the four conditions in which air wes
breatted before dzcozprecsion ti# hypoxia was leaet wken cxygen was
2citvered at the beganning of & slow decozpreseion and greatest when
2t was zot delivered until 8 sec after the beginning of a fast deco=-
pression., Using this measure: the intens’ty of the hypoxia induced

v oxygen delivery at 8 sec in a slow deccepression was cozperable with
that associated with the delivery of oxygen at the begianirg of s fast

decozpression and lay betwesn the extrezes found in the two other
c~sdit as,

TABLE 7

Intensity of Hypoxia - Values of Area balow
Paop, = 30 oz Hz on Pagy - Time Curve

Avea below Fpg, = 30 =a HE on Pagp - time curve (z= Eg sec)

v Hlett Fast decoapression Slow decompression
Oxygen early Oxygen late Oxygen early Oxygen late
1 & %0 6 72
FP x 106 92 S4
D3 58 126 b 28
D¥ 26 180 0 58
LD 74 00 8 30
| Sk s8 o 136
Meap 48 136 20 64

Subtective Disturbtances

The absence of any subjective central nervous syctem dicturbance
when oxygen was breathe? throughout an experiment (Table 1} showad
that the fall of PACOg vroduced by rapia decomprescion was not the
pricary cause of the impaisment of conscioussess arnd vision which
occurred when air was breathed before the decozpreseion. With a given
rate of decowpressicn, the increase of the intemsity of hypoxia
associated with delaying the delivery of oxygen from the beginning of

the decompression to 8 sec later was associated with a greater degree
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of cont'usion. ZIven in the experimcntal condition which gave the least
degree of hypoxia as measured from the charges of PAoa- i{e a slov
decomprussion with the imzediats dalivery of oxygen, confusion and the
dimming ~f visicn were reported. Altbough dimming of vision occurred
in a progortion of each of the conditions in which air was breathed
before decoxpression, gross impairment of vision only nccurred when
oxyger delivery was delayed until 8 sec after the begircring of a rapid
decompression.

Electroescephalographic Changes

Farlier studies (Ernsting, 1963b) of the effects of the hypo<ia
produced by rapid decozpression to 40,000 ft whilst breathing sir
showed that the first eeg change consisted of the appearance ol
ectivity with a frequenmcy of 8 to 13 Hz., Inspection of the records
obtained in these experiments suggested that the azount of eeg activity
wvas related to the intensity of the hypoxia as judged from the changes
of the PAOz’ The advantages of the form of analysis of ths eeg
ezployed in the present study (Byford, 1965) are that it gives a
quantitative expression for changea of eep activity and it is
possible to time accurately changes of act’! "“y and relate thea to
other physiological events.

The changes of eeg activity which were recorded ir the present
investigetion occurred in the 8-16 Hz band principally in the anterior
and aiddle channels (Table 6). Some increase in activity in this band
was also seen in the posterior channel, particularly with the mors
intense hypoxia. Care was taken to ensure that there vas a conatan{
level of visual tension throughout each experiment. Attention was
only grosely reduced when, in some of the fast decompressions with
oxygen delivery at 8 sec, vision was lost completely.

The eeg changss associated with the production of a uniform
visual field occur nrincipally over the posterior part of the head.
Furtherrore, the abasnce of any change of eeg activity in the control
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experiaents,in which oxygen was breathed throughout to prevent any

. increase of kypoxia,gives support to the hypothesis tbat the increase
of eeg activity in the 8-16 Hz band seen in these experizents was due
to cerebral hypoxia. The results of the control experiments also
illustrate that as in the case of subjective disturbances the observed
increase of eeg activity vas not prizarily due to hypocapnia.

The eeg showed no increase of activity until 15 sec after the
beginning of decozpression. The magnitude of this delay was
unaffected by the rate of decompression and thes tizme at which oxygen
was delivered, The delsy consisted of the transit tize for blood with
a low oxygen content to pass from the pulmonary capillaries to the
~apillary bed in the relevant region of the brain, the time taken for
cerebral metabolisz to reduce the cerebral tissue Poa to the level at
which an increase of eeg activity occura and the latency of the eeg
response to the low Po,« Measurements of the transit time from the
pulmorsry capillaries to the ear lobe,made by recording the oxygen
gaturation of tire blood flowing through the ear follcwing a rapid decom-
pression whilsi li<atning air,gave a mean transit time 6.1 sec. The
transit tize to th. cercbral capillary bed may be siightly less than
tias value, but this factor accc.nts for at least a third of the
total delay from the beginring of decompression to the first change of

S teg activity, The oxygen store of the brain has been estimated by

3 Kety (7950) tr azount to approximately 7 ol. At the normal rate of

i cxygen consumption thie store would be exbausted in about 8§ sec and

2 thus the cerebral tissue oxygen tension would be expected to fall to

; a very low vaiuc within 6 - 8 sec of the srrival of deoxygenated blooo
3 ir tre cerebral cepillaries, There 18 no information available with

z regard to the latency of the eeg responce to a reductiorn of cerebral

} tissue oxygen tension., It is not poss:bls therefore to distinguish

{ tne relative contributions of the depletion of the cerebral oxygen

Z etore aud the latency of the eeg responss to the total 5 sec delay.

It is apparent from inspection of Table 6 that the magnitude of
the increase of activity in the 8-16 Hz band of the eeg following
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rapid decompression, as indicated by the mean valtes o the variance
index, was related to the intensity of the hypoxia induced by the
specific experizental conditions. Thus, the conditione giving riss to
the greatest degree of hypoxia as judged both by the cagritude of the
fall of the Pag, (Fig 2) and by the sy=ptozs (Table 1), ie the late
delivery of oxygen after the fast decozpression, produced on average
tke largest increase of the variance index. Various estizates of the
degree of bypoxia have been explored in an attezpt to correlate the
changes of the variance index with the hypr=i= Only a poor corre-
lation was obtained vhen eitner the minizum PAOZ oS the value of the
PAOZ at any of seversl tice intervals following the irnitiation of the
rapid decospression vas used as a zeasure of tbs iatensity of the

hypoxia.

Since, as pointed out earlier in this discussion, the zeasure
of the intensity of the hypoxia must tcke account not only of the
degree but alsy the duration of the reduction of PAOZ the value of
using the area on the PAO2 - time plot bounded bty the observed curve
and a horizontal line representing a specifiad Pagy lovel vas
investigated. It has been shown (Ernsting, 1963) that following
decompretsion fron 8,000 £t to 40,000 ft in 1.5 sec, when 100% oxycJn
is delivered at the beginning of the decoxzpression, & minimum concen-
tration of 40% oxygen must be breathed at 8,000 ft in order to present
eeg changes. It can be calculated (Ernsting, McHardy and Foxburgh,
1960) that under these conditions the Pag, will fall to a minicua value
of 30 ma Ag. It was decided therefore that the relationship between
the area on the PAOz - time plot below a PAO2 of 30 om Hg and the
variance index of the eeg (8-16 Hz) should be investigated. Thas
relationship is presented in Fig 5 for the eeg sctivity rocorded froz
the frontal pair of electrodes. There is a good linear correlation
(r = 0.85; p< 0.001). A less satisfactory correlation was found
between the variance index obtained from the middle channel of the eeg
end this expression of the intensity of the hypoxia,whilst there was a
poor correlation between the eeg activity recorded from the pesterior
channel and the area on the Pag, - tize plot.
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fig ©. The relationship for indiviousl exporurcs betwren the intensity
92 hypoxia inauced by 12pid deconpression breathing air and the nsnccia-
ted change in tne frontal channel of the eeg. The intspsiiy of the
Lyicxia fnduced by the decomprecsion is expreseed ac the area beicw an
alveolar Fop of 30 um Hg on the plet of slveolar PO, agaimst time

whilgt the change ir eeg activity is expressed as the variance index

fer the 8 - 16 Hz bend of the frontal eeg. The equation of tke regres-
slon line is y = C.03x + C.21 (r = 0.85).
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The values of the areas on the Pagp levels of 25 and 35 =a Hg were
also determined and the relationships investigated tetween these
reasures of the intensity of the hypoxia and the corresponding
variance indices obtained froz the frortal channel. It vas found that
usiag arsas belov either PAOz‘z 25 or 35 ma Hg gave a much less
satisfactory correlation than when the area below a level of Pigy =
30 2 Eg was used. Thus, vnder the conditions of these experisents
there is a very significant correlation betveen the degree of
hypoxia expresssd as the area on 2 F102 - time plot belov a Prpp of
30 za Hg and the magnitude of the corzequent changes in the variance
{ndex for the §-16 Hz band of the frontal channel of the eeg.

Previous workers (Meyer and Vatty, 1561) who have studied the
effects of acute Lypoxiz upon the eeg Lave placed ezphasis on the
appearance of the bilateral large asplitude slow wave activity which
teging in the frontal regicns of the head and progresees posteriorly.
whilst this type of activity vas seen eventually in the present study
under thcse conditions in which the hypoxia was most severe, ie rapid
decompreesion with the late delivery of oxygen, the initial change of
eeg activity was always the appearance of increased activity in the
8-16 Hz band.

Effect of Rate of Decompression

The effect of the rate of decompression upon the intensity of the
hypoxia induced by rapid decompression from 8,000 ft to 40,000 ft can
be aasessed from the changes of P“Oa (Fig 2), the symptoms reported by
the subjects (Table 1), and the seg changes (Tadle 4). The mean values
of all these measures following rapid decompression show that prolonga-
tion of the time of decoapression from 1.6 sec to 12.0 sec decreased
the intensity of the hypoxia whether oxygen vas delivered to the mask
iznediately the decompression comaenced or after a delay of 8 sec.

There was no significant difference between the times at which
the first inspiration of oxygen was taken after the beginning of the
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. Thus the greater intensity of hypoxia which cccurred in the fast dscom-
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rapid deccsmpression ir the fast and slow decompressions (Teble k).

pressions is directly attridutable to the mcre rapid fall of
environaental pressure,and hence Pap, (Fig 2), vhich occurred with this
rate of deccapression.

There wers two occasions in the group of slov decompressions in
wvhich the intensity of ths hypoxiaz exceeded the meaxn vaiuee obtained
wvith the correspondirng nominal oxygen delivary tises in the group of
fast decompressions. On thase occasions bowsver the intervals between
the beginning of the decompression and the first inspiration of cxygen
vers the longest which cccurred in the series. This finding ewphasizes
the influence of the time interval between the breathing equipaent
being capable of delivering 100¥ oxygen and the next inspiratory effort
by the subject,upon the intensity of the hypoxia induced by & rapid
decozpression from 8,000 £t to 40,000 ft when air is breathed before
the decoapresaion.

The intensity of the hypoxia iniuced by rapid decompression in
12.0 sec froa 8,000 ft to 40,000 £t when air was breathed beforehand
was considerable. Thus most of the subjects reported mental confusion
and some also had dimeing of vision (Table 1). The hypoxia was also
nufficient to produce significant increases of the variance index
(8-16 Hx) of the eeg (Tebls 6). Furthermore, the area on a Py, -
time plot below a PAOg 3 30 mu Bg was groater when oxygen was
delivered late in the 12.0 sec decompression series than when oxygen
was delivered immedimtely in the 1.6 sec decompression experiments
(7able 7). It is concluded, therefors, that increasing the duration
of the decompression from 1.6 sec to 12.0 sec does not prevent signifi-
cant b:poxia_boing produced by the decompression even if oxygen is
delivered within 8 sec of the begianing of the decompression.
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SUMMARY
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1. Three subjects were each decompressed from 8,000 ft to 40,000 ft
under six different experimental conditions, viz duration of rapid
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decoxpression of either 1.6 sec or 12.0 sec and breathirg either 100%
orygen throughout the procsdure or breathirg air before the decce-
pression with oxygen delivered to the zask either imzediately or 8.0
sec after the beginning of the rapid decozpression.

2. The intensity of the hypoxiaz produced by these decozpressions vas
assessed froz the subject's syaptoze, the charges of the partial
pressure of oxygen in the alveolar gas (Pagy) and of the eeg.

3, Vhen air was breathed before the decoxpression a decoxpression
tizs of 12.0 sec iznduced a less ssvere altkhough still marked degree¢ of
hypoxia than occurred with a decoxzpression tize of 1.6 sec.

4, It waz found that under the conditions of these experizents there
vas & linear correlation (r = 0.85; p ¢ 0.001) betveer the intensity
of the hypoxia as ceasurcd by the area or a PAOz - tize piot below a

Pr0p = 30 =n Hg and the ascociated increase in activity (variance index)
of the 8-16 Hz band of the eeg recorded froz the frontal and =iddle
regions of the head.
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